The extracellular matrix of cartilage is a charged porous fibrous material. Transport phenomena in such a medium are very complex. In this study, solute diffusive flux and convective flux in porous fibrous media were investigated using a continuum mixture theory approach. The intrinsic diffusion coefficient of solute in the mixture was defined and its relation to drag coefficients was presented. The effect of mechanical loading on solute diffusion in cartilage under unconfined compression with a frictionless boundary condition was analyzed numerically using the model developed. Both strain-dependent hydraulic permeability and diffusivity were considered. Analyses and results show that (1) In porous media, the convective velocity for each solute phase is different. (2) The solute convection in tissue is governed by the relative convective velocity (i.e., relative to solid velocity). (3) Under the assumption that all the frictional interactions among solutes are negligible, the relative convective velocity for α-solute phase is equal to the relative solvent velocity multiplied by its convective coefficient (H α ) which is also known as the hindrance factor in the literature. The relationship between the convective coefficient and the relative diffusivity of solute is presented. (4) Solute concentration profile within the cartilage sample depends on the phase of dynamic compression.
Introduction
Cartilage is an avascular tissue whose cells rely on the transport of molecules through its extracellular matrix (ECM) for nutrition. The ECM of cartilage primarily consists of water, collagen-proteoglycan network, and ions (mostly, Na + and Cl − ). The ECM of cartilage can be treated as a charged porous fibrous material. Convection and diffusion are the major mechanisms for solute transport through the ECM (Grodzinsky 1983; Maroudas 1975 Maroudas , 1979 Mow et al. 1992; Urban et al. 1978) .
Investigation of solute transport in cartilaginous tissues is important for understanding mechano-biology of such tissues. Poor nutrition supply is believed to be one of the possible mechanisms for intervertebral disc (IVD) degeneration (Horner and Urban 2001). Numerous studies have been done on the solute transport in articular cartilage and IVD theoretically and experimentally. Recent studies in this area include experimental investigation of solute transport in these tissues (Bonassar et al. 2000; Burstein et al. 1993; Garcia et al. 1996; Maroudas 1975; Torzilli et al. 1987; Urban et al. 1978; Leddy and Guilak 2003; O'Hara et al. 1990; Quinn et al. 2000 Quinn et al. , 2001 Quinn et al. , 2002 Nimer et al. 2003; Evans and Quinn 2006) , theoretical analysis of solute transport in cartilaginous tissues and gels using mixture theories (Mauck et al. 2003; Yao and Gu 2004; Quinn et al. 2002; Levenston et al. 1997 Levenston et al. , 1998 Levenston et al. , 1999 Ferguson et al. 2004) , and constitutive modeling of transport properties in these tissues (Gu et al. 2003 (Gu et al. , 2004 Levenston et al. 1998 Levenston et al. , 1999 Masaro and Zhu 1999) .
In spite of the fact that numerous studies have been done on the solute transport in porous media and the theoretical framework for solute transport in porous materials is established (Bird et al. 2002; Brenner and Edwards 1993) , many fundamental questions relating to solute transport in porous media have not been answered satisfactorily. For instance, what is the convective velocity of solute in tissue? How does this velocity relate to solvent velocity? What is the intrinsic diffusion coefficient (or diffusivity) of solute in charged porous media? How does mechanical loading affect solute transport in tissue? To address these questions, a mechano-electrochemical mixture theory (Lai et al. 1991; Gu et al. 1998 ) was used in this study. The objectives of this study were: (1) to develop a transport theory specific for charge hydrated soft tissues (e.g., cartilaginous tissue) using a mixture theory approach and (2) to analyze the effect of mechanical loading on the diffusion of solute in cartilage.
Theory
The details of mechano-electrochemical mixture theory can be found in Lai et al. (1991) , Gu et al. (1998) and Huyghe and Janssen (1997) . Briefly, it models a charged hydrated soft tissue as a continuum mixture consisting of intrinsically incompressible solid phase, interstitial water phase, and solute phases. The driving forces for the transport of interstitial water and solutes are the gradients of (electro)chemical potentials. At any point within the mixture, an electro-neutrality is assumed. In the following analysis, only an isotropic case was considered.
Convective flux and diffusive flux of solute in porous media
Under a quasi-static condition, the momentum equation for each of the fluid phases (water and solutes) within a porous medium (mixture) is given as follows (Lai et al. 1991; Gu et al. 1998) :
where ρ α is the apparent mass density,μ α is electrochemical potential (per unit mass), and v α is the velocity of fluid (solvent or solute) phase α, f αβ is the drag coefficient (per unit of mixture volume) between α and β phases with f αβ = f βα and f αβ ≡ 0 if α = β. In Eq.
(1), the summation is carried out for β over all phases (including solid phase). For solutes, the apparent mass density (ρ α ) is related to solute molar weight (M α ) and solute concentration (c α , in moles per unit volume of solvent) by
where φ w is the volume fraction of water (solvent). Solving for v α from Eq. (1), one obtains (Gu et al. 1998 )
where
